This study documents the effects of an intoxi cating dose of ethanol on the energy metabolism and electrophysiological function of rat brain exposed for 0.5 h to ischemia produced by electrocautery of the vertebral arteries and reversible occlusion of the carotid arteries. One-hour exposure to 5 g kg-1 ethanol led to no signifi cant alterations of the preischemic cerebral contents of glucose, lactate, or energy phosphates. Animals re ceiving ethanol or isovolumetric amounts of 0.9% saline showed statistically equivalent decreases in glucose, ATP, and phosphocreatine and increases in lactate, ADP,
and AMP during 0.5 h of ischemia. Upon recirculation for 0.5-24 h, animals receiving ethanol again showed no sig nificant differences from saline-treated animals in the rate of return of glucose, lactate, and energy metabolites to control levels. Animals receiving ethanol showed a trend for a faster and more complete normalization of the EEG during recirculation. It is concluded that under controlled experimental conditions, intoxicating doses of ethanol have no detrimental effect on the energy metabolism of ischemic and postischemic brain. Key Words: Cerebral energy metabolism -Ethanol-Ischemia. via lipid peroxidation mechanisms (Flamm et aI. , 1977; Seligman et aI. , 1977) . Since disorders of each of the above biological systems have been impli cated in the pathogenesis of hypoxic-ischemic brain damage [see Siesj6 (1981) and Wieloch and Siesj6 (1982) for reviews], the available data suggest that ethanol could be additive to any cerebral damage produced by hypoxia-ischemia.
Although studies are available that show that pretreatment with ethanol (4 g kg-I) results in po tentiation of traumatic spinal cord and cerebral hemisphere damage in the cat (Flamm et aI. , 1977; Seligman et aI. , 1977) , direct studies of the effects of acute ethanol exposure on the hypoxic-ischemic brain are not available in the literature. The objec tive of the present study was to determine the ef fects of a moderately advanced degree of acute eth anol intoxication on the energy metabolism of the acutely ischemic and postischemic brain.
METHODS

Animal preparation and experimental exposures
The experiments were performed on male rats of the Wi star strain (275-325 g) that were fasted for 16-20 h prior to experimental use. Animals were divided into three groups that were administered either 5 g kg-I eth anol (25% wt/vol), isocaloric amounts of 5-e% dextrose water, or isovolumetric amounts of 0.9% NaCI by gastric tube 1 h prior to the induction of cerebral ischemia.
Cerebral hemispheric ischemia was produced by bilat eral occlusion of the carotid and vertebral arteries (Pul sinelli and Brierley, 1979) . One day before experimental use, the animals were anesthetized with ether and the vertebral arteries cauterized by passing an electrocautery needle into the alar foraminae of the first cervical ver tebra. Silk suture threads (5-0) were placed around the common carotid arteries and the ends were threaded through short lengths of exteriorized PE-50 polyethylene tubing to form a snare. On the following day, reversible cerebral ischemia could be produced by drawing the su ture snare and its enclosed artery into the end of the poly ethylene tube.
Animals sampled during acute ischemia were briefly anesthetized with 2% halothane, tracheotomized, para lyzed with tubocurarine chloride (1.5 mg kg-I), and ven tilated with 30% O2-70% N20 on a respirator. A femoral artery was cannulated for blood pressure recording and anaerobic sampling of blood. Blood clotting in the cath eter was prevented by giving 100 U heparin. The body temperature, monitored by a rectal thermometer, was ad justed and maintained near 37"C by external heating. Subcutaneous needle electrodes were placed over the frontoparietal areas for recording of the EEG (model 79 EEG/polygraph; Grass Instrument Comp., Quincy, MA, U.S.A.). When animals were in a steady respiratory state (arterial P02 and PC02 of 90 and 34-40 mm Hg, respec tively), cerebral ischemia was produced by tightening the carotid snares. At the end of 0.5 h of ischemia, the brain was frozen by pouring liquid nitrogen into a plastic funnel fitted to the skull (Ponten et aI., 1973) . The brain was removed from the frozen head with cold instruments and stored in a liquid nitrogen freezer until assay.
In the restitution series, unanesthetized animals were subjected to 0.5 h of ischemia with brain sampling being carried out after 0.5 and 24 h of recirculation. To facilitate brain sampling, surviving animals were surgically pre pared under anesthesia just prior to the indicated re covery times and sampled as in the acute exposure group. In this series, the EEG was recorded during isch emic exposure and just before brain freezing.
The zero time controls for each series were obtained by exposing nonischemic animals to the same dose of ethanol, 50% dextrose-water, or 0.9% NaCI for 1 h prior to brain sampling. In all series arterial blood and CSF were collected just prior to brain freezing for ethanol, glucose, and lactate determinations.
Analytical methods
Brain samples for metabolite and ethanol assay were prepared and weighed in a refrigerated glove box main tained at -22°C. For the energy metabolites, -200 mg of cerebral cortex was dissected, weighed, and homoge nized in methanol-HCI and then extracted with 0.3 N per chloric acid at O°C (Folbergrova et aI., 1972) . The per chloric acid extracts were centrifuged and the neutralized supernatants were assayed for ATP, ADP, AMP, phos phocreatine, glucose, and lactate by the enzymatic fluo rometric methods of Lowry and Passonneau (1972) . For ethanol determination, -100 mg of cerebral cortex was weighed and homogenized in 1 ml of 6.25% (wt/vol) tri chloroacetic acid. The trichloroacetic acid extract was J Cereb Blood Flow Metab, Vol. 8, No.3, 1988 centrifuged and 20 fJ.I of the supernatant was added to 1 ml of 0.5 M glycine buffer (pH 9.0) containing 0.6 nM NAD and 50 U yeast alcohol dehydrogenase. After 0.25 h the change in optical density of the sample was read at 340 nm (Poklis and Mackell, 1982) . Blood and CSF samples were processed as above and assayed for glu cose, lactate, and ethanol.
Arterial P02, Pc02, and pH were measured with direct reading electrodes (Eschweiler, Kiel, and Radiometer, Copenhagen) operated at 37°C and the values were cor rected for variations in body temperature.
Chemicals
The substrates, coenzymes, and reagents for fluoro metric metabolite assay were obtained from Sigma (St. Louis, MO, U.S.A.), whereas enzymes were obtained from Boehringer (Mannheim). The components for the ethanol assay were obtained from the Sigma ethanol de termination kit.
Calculations
Analytical runs were carried out on lots of 12 brains that consisted of equal numbers of matched saline-, glu cose-, or ethanol-treated animals. Statistical analysis of the results was carried out by Wilcoxon's rank sum test (Snedecor and Cochran, 1967) .
RESULTS
Blood and brain ethanol levels Figure 1 gives the blood and brain ethanol levels in the ethanol-treated rats. At the onset of isch emia, blood and brain ethanol levels were in the range of 40-50 mmol kg-I, which represents values that are �2-2. 5 times the legally defined limit for intoxication in the human (Gilman et aI. , 1980) . The levels were maintained at 35-45 mmol kg-I during the 0.5-h ischemic exposure, with sub sequent clearance to levels of 0-0,3 mmol kg-I over the 24-h recirculation period. Behavioral effects, physiological parameters, and EEG changes Rats administered 5 g kg-) ethanol showed a le thargic-sedated behavior during the I-h preis chemic period. During the immediate postischemic period, all rats showed an advanced suppression of conscious level that gradually cleared over the 24-h recirculation period. No obvious behavioral differ ences were noted among the saline-, glucose-, or ethanol-treated animals during the postischemic pe riod. In addition, there was no significant difference in mortality among the three groups. Thus, all an imals survived 0.5-h ischemia, whereas with 0. 5-h recirculation one saline-, two glucose-, and one ethanol-treated animal died of what appeared to be cardiovascular collapse. In the 24-h recirculation group, zero saline-, zero glucose-, and one ethanol treated rat died prior to brain sampling.
Ta ble 1 gives the values for arterial blood gases, pH, MABP, and temperature in the experimental groups at the time of brain freezing. No statistically significant differences for the measured physiolog ical parameters were observed among the three treatment groups at the various experimental expo sure times. Figure 2 summarizes the EEG changes in the three experimental groups. On visual inspection, the preischemic records of the saline-, glucose-, and ethanol-treated animals showed no obvious dif ferences. During ischemia, all animals showed an isoelectric tracing, which was achieved and main tained within 2-3 min of occluding the carotid ar teries. During recirculation the ethanol-treated an imals showed a trend to have a better EEG activity. Thus, at 0. 5-h recirculation, 66% of saline-and glu cose-treated animals showed isoelectric EEGs, whereas only 17% of ethanol-treated animals had an isoelectric tracing. At 24-h recirculation, all eth anol-treated animals showed a normal EEG, whereas 33% of saline-and 50% of glucose-treated animals showed persisting abnormalities of low amplitude-slow-wave type.
Blood, brain, and CSF glucose and lactate
The administration of glucose resulted in eleva tions of preischemic blood, brain, and CSF glucose contents, which resulted in significantly larger amounts of brain and CSF lactate accumulation during ischemia (Table 2 ). This enhanced brain lac tate content was continued into the 0.5-h recircula tion group. The administration of ethanol resulted in blood, brain, and CSF glucose and lactate con tents that were statistically equivalent to those seen in animals given saline. In these two groups, isch emia led to brain lactate levels of 14-16 mmol kg -), which showed a subsequent rapid return to near control levels at 0.5-h recirculation. It would thus appear that in terms of blood and brain glucose and lactate changes, the appropriate control for ethanol studies comprises isovolumetric saline treated animals (see Discussion).
Brain energy metabolites
The administration of ethanol or glucose had no effect on the preischemic levels of adenylates or phosphocreatine (Table 3) . During ischemia the de pletions of AT P and phosphocreatine and increases in ADP and AMP were statistically equivalent in the three treatment groups. During recirculation all groups showed a remarkably similar return to preischemic control values for the adenylates and phosphocreatine. The only exception was a signifi- cantly lower phosphocreatine in the glucose group at O.5-h recirculation. This can, in all likelihood, be attributed to the lactacidosis of 10-12 mmol kg-1 in this group, causing a shift in the phosphocreatine kinase equilibrium (Siesj6, 1978) .
DISCUSSION
The results of the present study indicated that a moderately advanced level of ethanol intoxication is without significant effect on the energy metabo lism of the ischemic and postischemic brain. These findings were somewhat unanticipated owing to the observations of previous studies that showed that similar levels of ethanol intoxication in the cat lead to a marked increase in the clinical and pathological damage associated with spinal cord and cerebral hemisphere trauma (Flamm et ai. , 1977; Seligman et ai. , 1977) . Thus, although the basic mechanism of inducing the nervous tissue damage was different in these experiments, circulatory insufficiency and hypoxia are presumed to be major factors in the causation of tissue damage and death in trauma (Pehlings et ai., 1987; Zimmerman et ai. , 1987) and therefore should bear at least some relationship to other forms of hypoxic-ischemic tissue damage. In addition, as indicated in the introductory section, ethanol has a membrane-disordering action, plus an ability to enhance free radical reactions, which should again, on a theoretical basis at least, lead to potentiation of hypoxic-ischemic damage.
In the design of the experiments, it was neces sary to define a control for ethanol-treated animals. The available literature is undecided on this point and a variety of different control situations ranging from saline (Wajda et al. , 1977) to isocaloric amounts of sucrose (Rangaraj and Kalant, 1979) have been used. The ability of ethanol to influence blood and brain glucose would be an important variable to have controlled. This is based on the proposal that increased cerebral glucose and as a consequence increased ischemic lactic acid accu mulation are important determinants of ischemic brain damage (Plum, 1983) . The present study indi cated that preischemic blood and brain glucose values of ethanol-treated rats were statistically sim ilar to those of saline-treated rats and that change in this metabolite was not a variable in these experi ments. These findings of a negligible effect of acute ethanol administration on cerebral carbohydrate and energy metabolism of normal brain are in gen eral agreement with earlier reports indicating that advanced ethanol intoxication has an effect similar to that seen with moderate anesthesia (Veloso et aI., 1972) . During ischemia the ethanol-treated rats showed accumulation of tissue lactate and changes in en ergy metabolites that were very similar to those seen in the saline-treated animals. This was fol lowed by a close and near parallel return of these metabolites to control levels during recirculation of the two groups. These findings indicate that ethanol pretreatment had no identifiable detrimental effect on the energy metabolism of ischemic or postisch emic brain. An examination of the EEG patterns during recirculation was entirely in agreement with the metabolic data, and in point of fact showed some indication for a more rapid improvement of electrophysiological function in the ethanol group.
The exposure of ischemic animals to drugs or physiological manipulations can lead to results that are significantly different from those predicted for the agent. Thus, Koide et al. (1986) showed that chronic pretreatment with dexamethasone aggra vated ischemic brain damage, and that this effect was due in part to the drug increasing brain glucose and as a consequence the lactic acid levels during ischemia. In the present study ethanol was asso ciated with a suppressed level of consciousness, which could be compared to a state of "mild anes thesia. " Since the anesthetic state is known to blunt the effects of hypoxia-ischemia, this could explain the inability of the present experiments to define a harmful effect of ethanol on the ischemic brain.
In conclusion, the results indicate that a moder ately advanced level of ethanol intoxication has no detrimental effect on the energy metabolism of the ischemic and postischemic brain. Further studies will be required to determine if this observation holds at a wider range of ethanol levels and expo sure times.
